Background and Aims The archetypical double sigmoid-shaped growth curve of the sweet cherry drupe (Prunus avium) does not address critical development from eco-dormancy to anthesis and has not been correlated to reproductive bud development. Accurate representation of the growth and development of post-anthesis ovaries is confounded by anthesis timing, fruiting-density and the presence of unfertilized and defective ovaries whose growth differs from those that persist to maturation. These factors were addressed to assess pre-anthesis and full-season growth and development of three sweet cherry cultivars, 'Chelan', 'Bing' and 'Sweetheart', differing primarily in seasonal duration and fruit size.
INTRODUCTION
The growth and development of a drupe from anthesis to maturation is often described in terms of two exponential phases of a double sigmoid curve in sweet cherry (Prunus avium) (Tukey, 1933; Lilleland and Newsome, 1934; McMunn, 1934) , sour cherry (Prunus cerasus) (Bradbury, 1929; Tukey, 1934 Tukey, , 1952 McMunn, 1934; Tukey and Young, 1939; Zavalloni et al., 2006) , peach (Prunus persica) (Tukey, 1936; Chalmers and van den Ende, 1977; DeJong and Goudriaan, 1989) , apricot (Prunus armeniaca) (Lilleland, 1935) and plum (Prunus domestica) (Sterling, 1953) . Recent studies in sweet cherry assessed development over time by one or more quality traits of size, firmness and colour (Mozeti c et al., 2004; Usenik et al., 2005; Muskovics et al., 2006) , antioxidant capacity (Serrano et al., 2005; D ıaz-Mula et al., 2009), cell-wall chemistry (Fils-Lycaon and Buret, 1990; Batisse et al., 1996; Salato et al., 2013; Basanta et al., 2014) , cuticle formation with candidate gene function (Alkio et al., 2012) and abscisic acid (ABA) content with regulatory gene expression (Ren et al., 2011; Luo et al., 2014; Li et al., 2015; Wang et al., 2015) ; however, growth rates were not presented and descriptions of development were subjective. Development near maturation was also estimated by grading individuals according to size and colour from one or more sampling dates (Remon et al., 2006; Serrano et al., 2009; Usenik et al., 2015) ; consequently, rate analysis was not possible. Biological age determined from inflection points of growth curves could provide objective measures of development that would be useful for determining the genetic and environmental growth responses to stimuli as development proceeds.
Functional analysis effectively smooths and fits data to various curves and provides estimates of parameters for comparing growth responses (Hunt, 1979) . Log transformation of data prior to analysis homogenizes variance of the means and facilitates the estimation of confidence intervals and relative growth rate (RGR) (Poorter and Garnier, 1996) . Parameters with a biological reference such as growth midpoints, inflections and asymptotes are variables used in several functions to describe simple growth including Richards, logistic, Gompertz and beta growth (Birch, 1999; Wubs et al., 2012) , but growth of stone fruits is complex and requires a combination of functions (Baker and Davis, 1951; DeJong and Goudriaan, 1989; Génard and Bruchou, 1993) , spline functions (Grossman and DeJong, 1995) or a double sigmoid function (Zavalloni et al., 2006) . High-order polynomial functions present an alternative approach for modelling complex curve shapes (Poorter, 1989) , especially over several orders of magnitude in growth.
Pre-anthesis ovary growth of sweet and sour cherry (Tukey, 1933; Tukey and Young, 1939) has been documented; yet, descriptions were subjective due to the lack of functional analysis of log-transformed data. Consequently, the traditional interpretation of a growth acceleration beginning at fertilization omits nearly half of the first exponential growth phase that occurs pre-anthesis. Much of this pre-anthesis growth in volume was attributed to an increase in the number of cells from the fully dormant condition (Felker et al., 1983) , but characterization of developing ovaries between dormancy and anthesis is lacking. At anthesis, 47 % of the cells of a fully mature sour cherry fruit existed (Tukey and Young, 1939) . Assessments of pre-anthesis ovary growth and development and, specifically, the resumption of growth subsequent to eco-dormancy are required to produce models that predict seasonal development, dormancy phase transitions and responses to climate change.
Estimates of growth in the first 2-3 weeks post-anthesis are hampered by the high incidence of abscission due to the lack of fertilization, developmental deficiencies or environmental damage (Bradbury, 1929; McMunn, 1934) . Removal of such individuals would improve growth rate analyses of ovaries likely to persist through maturation. Subsequently, a statistical method is required to distinguish between unfertilized and fertilized ovaries.
The following work describes the growth and development of three sweet cherry cultivars from dormancy to maturation on timelines offset for anthesis timing. These cultivars differ in their anthesis timing, duration to maturation and final fruit size in the following increasing order: 'Chelan', early-season; 'Bing', mid-season; and 'Sweetheart', late-season. We derived RGR from high-order polynomial functions to provide parameters such as minima, maxima and inflection points to adequately characterize full-season growth and development. These parameters were used to delimit growth phases and compare developmental patterns among cultivars under similar environmental conditions. Richards and logistic functions were applied to endocarp growth and the final phases of ovary development, respectively, to reinforce the polynomial approach for describing full season growth. Furthermore, the influence of anthesis timing and fruiting-density on ovary growth and development were assessed.
MATERIALS AND METHODS
Plant material from anthesis to harvest was collected in 2011 and 2012 from three genotypes distinct in their developmental duration: (1) 'Chelan', early-season; (2) 'Bing', mid-season; and (3) 'Sweetheart', late-season (Table 1 ). All trees were established in commercial orchards on Mazzard rootstock and were fully mature. The sites were located in The Dalles, Oregon, USA (45Á6 N, 121Á2 W) within a 1Á7-km radius at elevations of 200, 225 and 390 m for 'Chelan', 'Bing' and 'Sweetheart', respectively. Four distinct populations of fruit were observed (P1-P4) for each cultivar as described in the Appendix.
Pre-anthesis population
To describe the growth of pre-anthesis ovaries, whole spurs from 2-and 3-year-old limbs were sampled on 35 dates between À54 and 4 d from anthesis (DFA) (P1). Spurs were transported to the lab and 24 floral buds per sample date were selected for dissection and isolation of ovaries.
Anthesis populations
When 50 % of developing flowers from a population of 2-and 3-year-old spurs reached anthesis, flowers were sampled randomly (i.e. the absolute phenology stage of randomly sampled flowers was between 'first-white' and anthesis) to describe the growth and development of fruit from a natural population of unknown anthesis date (P2). A contrasting population of flowers was developed to evaluate the effects of anthesis timing on fruit growth whereby the date of anthesis was controlled to 6 1 d by selective removal of delayed or advanced flowers (P3). At approx. 50 % anthesis, all but 'first-white' to 'balloonphase' flowers on selected spurs were removed. 'Balloonphase' describes flowers with non-reflexed petals that conceal the stamens and pistil from view. The following day, flower removal was repeated leaving only two to eight 'balloon-phase' flowers on each spur. On the third day, any un-opened flowers were removed. The remaining open flowers, approx. 2000 per cultivar, were dispersed among $ 30 trees. We hypothesized that controlling anthesis date (P3) would remove a significant portion of the variability associated with ovary size inherent in random sampling (P2), and, simultaneously, provide a low fruiting-density condition to contrast the more densely fruited, source-limited spurs of P2 trees. On each sampling date, eight ovaries from P3 trees were collected and compared to a random sample of 30-50 ovaries from P2 spurs.
To describe and discriminate unfertilized ovary growth and development, an unfertilized population of ovaries from the self-infertile cultivar 'Bing' (P4) was produced by enclosing six 
Post-anthesis populations
Following anthesis, fruits of P2 and P3 populations were sampled daily until 30 DFA, then at a 2-to 3-d intervals until harvest.
Whole tree fruiting-density manipulation
The effect of fruiting-density on fruit size and development was examined on 'Sweetheart' trees during 2011. Low fruiting densities were established on two groups of trees by removing all but one reproductive bud from each fruiting spur of entire mature trees during winter (populations receiving these treatments were indicated by 'w'). The anthesis date of one group of trees receiving the bud extinction treatment was 'fixed' (P3w) as described previously, but remained unidentified for the other group (P2w). By fixing the anthesis date of bud extinction trees, we further reduced the fruiting-density per spur to about one to two fruits; leaf area-to-fruit ratios on these spurs were non-source limiting for the growth of sweet cherry fruit (Roper and Loescher, 1987; Whiting and Lang, 2004) . Fruitingdensity of a comparison group of 'Sweetheart' trees was not adjusted. For this group of trees, anthesis date was 'fixed' (P3) without flower removal by judging anther colour (i.e. a pronounced change in the colour intensity of dehisced anther sacs occurred approx. 1 d after anthesis). These blossoms were tagged loosely around the pedicle with coloured tape so they could be later identified for sampling in densely fruited spurs.
Sample preparation
Pre-anthesis flowers and ovaries were dissected from freshly collected buds with the aid of a dissecting microscope and photographed immediately. Bud, flower and ovary measurements were recorded in progressive series until bud-break. Ovaries from anthesis to maturity were preserved in fixative (PROTOCOL SafeFix II, Fisher HealthCare, Houston, TX, USA) for later dissection. The hypanthium, when necessary, was removed from freshly collected flowers using a knife, and the ovaries with a portion of the pedicel were placed in fixative. During final swelling to post-harvest, fruits without the pedicel were placed in fixative. No visible swelling or cracking occurred in the fixative.
Measurements
Digital photographs of reproductive buds, flowers and ovaries were taken with a Leica S6D stereo microscope and Leica DFC 295 camera (Leica Microsystems, Wetzlar, Germany). Calibrated images were measured using ImagePro Analyzer ver. 7.0 (Media Cybernetics, Rockville, MD, USA). For the anthesis to harvest samples, two photos of whole ovaries were taken, one facing the ventral suture to display the lateral diameter, and another facing the lateral cheek to display the medial diameter. The length of ovaries (longitudinal-axis) was measured from the base of the ovary to the apparent abscission zone of the style or shortest distance from the bowl to stylar end or shoulder, in the lateral view of larger ovaries. The diameters of the ovary along the lateral-and medial-axes were calculated as the sums of the greatest radii perpendicular to the longitudinal-axis.
Endocarp (inner layer of the pericarp) and pit (endocarp and seed) dimensions were obtained from photographs of longitudinal sections through the suture plane of previously measured fruit. Cross-sections were then taken from longitudinal sections and photographed for measurement. Pits were hard at 45 DFA but were able to be cut with a razor blade up to 60 DFA. Where axis measurements were repeated, they were averaged. After final hardening, pits from measured fruits were removed, cleaned and imaged. Ovary and pit volumes were calculated as tri-axial ellipsoids from the length, lateral-and medial-axis measurements.
Discriminant analysis and curve fitting
Statistical software was used in all analyses (Statgraphics Centurion XVI.I, Statpoint Technologies, Warrenton, VA, USA). Discriminant analysis classifies individuals belonging to two or more populations based on predictor variables. We applied a discriminant analysis to two groups: (1) P4 'Bing' (n ¼ 632) and (2) a pooled group comprising P1, P2 and P3 populations from all cultivars (n ¼ 6840) from 0 to 48 DFA. A significant discriminant function comprised the following variables: DFA, DFA 2 , DFA 3 , length/lateral aspect ratio and logtransformed volumes. Ovaries from the P1, P2 and P3 groups that classified with P4 were designated 'failed' and the remaining ovaries 'fruit'. P1 and fruit data from all the cultivars were then pooled and a polynomial curve was fit using the ordinary least squares method to identify outliers in the P1 data. The decision to pool data was supported by the similar developmental timeline of bud phenology and ovary volume among cultivars between the cardinal points of dormancy and anthesis. Pooling data had the additional consequence of improving the precision of the curve fit given the higher frequency of sampling. After the removal of outliers, polynomial curve fitting was re-applied for each cultivar with the pooled P1 data combined with each cultivar's P2 and P3 data, before and after discriminant analysis. Values of r 2 were adjusted for degrees of freedom and 95 % prediction limits were produced on all curves to provide an estimate of the variability.
A Richards function (Birch, 1999) relating pit volume to DFA was estimated with the Marquardt method of non-linear regression: lnVolume ¼ K (1þe (dÀabDFA) ) (-1/b) . A four-parameter logistic function of phase II growth greater than 44 DFA relating ovary volume to DFA was estimated from data greater than the DFA (about 45 DFA) of the polynomial minimum RGR:
). The estimated parameters of both equations are: K the upper asymptote, k the lower asymptote, a the maximum intrinsic RGR, t the DFA of the inflection point; d and b are Richards function scalars.
RGRs were interpolated from the daily values of the fitted curves and reported to the nearest day. RGR ¼ (lnVolume 2 À lnVolume 1 )/(DFA 2 À DFA 1 ) (Hoffman and Poorter, 2002) . Values of r 2 were adjusted for degrees of freedom and 95 % prediction limits were produced on all curves to provide an estimate of the variability. Minima, maxima and inflection points were reported as the day of a changed direction of the RGR curve.
At three cardinal points of development (dormancy, anthesis and maturation), diameters and volumes of individuals were compared without log transformation to provide coefficients of variation. Fully mature pit volumes of 'Sweetheart' were analysed similarly. Where time indices were compared, means of the different cultivar treatments were used. Treatment means were compared using analysis of variance and significance was tested at P 0Á05. Mean separation was performed using Tukey's honest significant difference (HSD) test with alpha ¼ 0Á05.
RESULTS
Anthesis dates for the first year were defined as the date when approx. 50 % of the flowers of the P3 group were open (i.e. anther sacs visible). Removal of flowers developmentally advanced or delayed ensured that flowers opened within 24 h of one another. Anthesis occurred in 'Chelan' first, followed by 'Bing' and 'Sweetheart', 4 and 12 d later, respectively. Anthesis dates in 2012 were approx. 1 week earlier than in 2011 (Table 1) . All data were then expressed as the number of days from 50 % anthesis (DFA). Ovary growth rates were estimated from polynomial curves fitted to log-transformed volumes after discriminant analysis to exclude failed ovaries (Fig. 1) . Differences in the developmental timeline among ovaries of different cultivars were negligible between dormancy and anthesis (Table 2) ; therefore, we pooled the P1 data to increase the number of data points for curve fitting. Fifth-to twelfth-order polynomials provided good fits to the raw data with r 2 > 98 %, but curve fits visually improved with increasing orders for all three cultivars (Fig. 1) .
Initial growth from dormancy was exponential but data were not of sufficient frequency in this phase to use polynomial analysis (Fig. 1) . The initial sampling was, however, very close to the completion of eco-dormancy as determined by a measurable increase in the relative water content of reproductive buds and a simultaneous decrease in the number of low-temperature exotherms detected by differential thermal analysis (Callan, 1990; D. M. Gibeaut, unpubl. res.) . Therefore, growth was estimated as a logarithmic curve and the RGR as a straight line between À54 and À38 DFA.
Anthesis occurred over a 12-to 16-d period. Linear regression found a weak relationship of ovary volume at anthesis to DFA (r 2 ¼ 0Á069). The variance around mean ovary volume was consistently high between dormancy and anthesis (Table  3) . Ovaries of 'Bing' were statistically larger than those of 'Chelan' and 'Sweetheart' at dormancy, but differences in the ovary volume of the three cultivars at anthesis were not significant at 95 % HSD (Table 3) .
A visual analysis of bud phenology was also conducted (Fig. 2) . After initial bud swelling at À 38 DFA (Table 2) , growth of bud and ovary volume was asynchronous. As bud scales loosened, growth of reproductive buds accelerated rapidly. During this time, the growth of ovaries slowed until reproductive buds opened revealing the developing flowers (cluster stages) at approx. À14 DFA (Table 2 ). Bud and style length were well correlated (data not shown), although we did observe some cases where style growth apparently exceeded that of the bud, resulting in malformation of the style. Pollen colour was pale at 'side green', translucent yellow at 'green tip', milky yellow at 'open cluster' and intensely yellow at 'first white' stages of bud phenology.
Discriminant analysis describes linear combinations of variables in order to distinguish between two or more groups. We first evaluated discriminant analysis on 'Bing' where P2 and P3 were combined and compared to P4. Comparing P4 ovaries, known to be unfertilized, with P2 and P3 (open-pollinated) ovaries facilitated classification of those open-pollinated ovaries that were unfertilized. On each of the six P4 sampling dates, developing ovaries from the two populations were classified based on the significant predictor variables DFA, DFA 2 , DFA 3 , aspect ratio and log volume (P < 0Á0001). For illustration, histograms of 29 bins were divided equally into the observed full range of size or aspect ratio and shown in relative frequency (Fig. 3) . Separation in the size (Fig. 3A-F ) and aspect ratio (Fig. 3G-L ) of ovaries increased between 11 and 32 DFA for the two populations. Because ovary size did not differ among cultivars at anthesis (Table 3 ) and cultivars were developmentally similar through 45 DFA (Table 2 ), P2 and P3 groups from all cultivars were pooled to compare with P4 (Fig. 4A) . The relative magnitude of the discriminant function coefficients show how the coefficients were used to discriminate the groups in the discriminant function: D ¼ À3Á74333 Â DFA -0Á294098 Â 
2Á45 (<0Á000*) 3Á04 (<0Á000*) 5Á6 (<0Á000*) 6Á5 (<0Á000*) 1Á46 (0Á075)
Groups comprise different sample populations: P2, ovaries sampled from anthesis to maturation whose anthesis date was unidentified; P3, ovaries sampled from anthesis to maturation whose anthesis date was controlled by flower extinction to 6 1 d; and P4, unfertilized ovaries produced by enclosing limbs in beeexclusion netting. Groups followed by an s or w signify fruiting-density manipulation by floral extinction at the spur or whole-tree scale, respectively. Time indices for pits were determined from Richards function estimates.
Pre-anthesis values include P1 data (ovaries sampled À54 to 4 days from anthesis) used with each post-anthesis group in polynomial curve fitting. Significant differences between cultivar means (P2, P3) are indicated with letters (Tukey's HSD, alpha ¼ 0Á05). *Significant differences in the paired sample means and standard deviation of discriminant analysis groups (B-A) show the effect on estimates of time indices (t-test, chi square, respectively, alpha¼0Á05). No difference was found in the mean or standard deviation of time indices at the maturation maximum RGR estimated from polynomial and logistic functions (A-L). P2  16  22Á4b  25Á0c  22Á8cd  6770b  18Á1  6630  6670  P3  11  25Á0c  27Á2d  24Á2de  8680cd  14Á8  8910  9350  P2w  14  24Á3c  27Á1d  23Á8de  8220c  8Á9  8740  9080  P3w  11  26Á7d  28Á9d  25Á1e  10200d  20Á1  1 0100  10500  'Bing'  P2  21  22Á3b  23Á7ab  21Á6b  5910b  13Á9  5810  5890  P3s  26  24Á5c  27Á2d  23Á9de  8430c  17Á2  8450  8900  'Chelan'  P2  20  20Á3a  21Á9a  19Á6a  4600a  15Á4  4520  4540  P3s  12  23Á5bc  24Á5bc  21Á8bc  6580b  10Á8  6300  6340 Groups comprise different sample populations: P1, pre-anthesis to anthesis; P2, ovaries whose anthesis date was unidentified; and P3, ovaries whose anthesis date was controlled by flower extinction to 6 1 d. Groups followed by an s or w signify fruiting-density manipulation by floral extinction at the spur or wholetree scale, respectively.
Significant differences within dormant, anthesis or mature development phases indicated with letters (Turkey's HSD, alpha ¼ 0Á05). Newly opened blossoms showed a weak relationship to DFA (r 2 ¼ 5Á4 %). Mature fruit were sampled near commercial harvest 92, 79 and 68 DFA for 'Sweetheart', 'Bing' and 'Chelan', respectively. Coefficient of variation (CV) shown for volume. Predicted harvest and asymptotic volumes were determined by a logistic function.
DFA
2 þ 1Á38661 Â DFA 3 -0Á240617 Â aspect þ 2Á28213 Â log volume. Discriminant analysis classified ovaries as either successful fruit or failures (Fig. 4B ) with classification limits of 95 %. No individuals of less than 5 DFA nor greater than 45 DFA classified as failures, and no more than one-third of the individuals on a given day were classified as failures. Omission of failures resulted in an appropriate modification of the shape of the fruit curve (Fig. 4B ) and statistically significant alterations of time indices at the post-anthesis inflection and minimum (Table 2, BÀA).
Richards curves were used to describe pit growth (r 2 > 97 %) of the combined P2 and P3 groups of bud extinction and nonbud extinction trees (Fig. 5) . It was appropriate to use the Richards function for pit growth because no lower asymptote was implied; pit growth was well under way pre-anthesis and with a single inflection point after anthesis, it reached upper asymptotic values about 62 DFA, long before fruit maturity (Fig. 5) . Compared to the whole fruit of 'Sweetheart' (P2 and P3), maximum RGRs occurred 3Á5 d later for pit growth, although the downward inflection of pit growth was about 1Á5 d earlier (Table 2) . Pits from trees receiving bud extinction treatment were not different in their time indices; however, they were larger than their counterparts at maturity (Table 4) , indicating an early source limitation.
Logistic curves of maturation growth and whole season polynomial curves were graphed for comparison using P2 and P3 data for each cultivar (Fig. 6) . The functions were in good agreement at the maximum RGR during maturation showing a mean difference of less than 1 d between estimates (Table 2, AÀL). However, the logistic function provided a better model of final growth, predicting upper asymptotes only 1 % smaller than the actual mean volumes (Table 3) . Predicted volumes at commercial harvest were on average 2Á5 % different from actual means and ranged from À4Á5 to þ 6Á3 %. Asymptotic values were on average 4Á2 % different from actual means and ranged from À3Á6 to þ 7Á7 %. There was an average increase of 2Á6 % from commercial harvest to the predicted 99 % final size. The final 10, 5 and 1 % of growth (Table 2) was closely related to colour development. When comparing P2 across cultivars, fruit volume was significantly, positively related to length of season (Table 3) . Manipulation of fruiting density at both the spur (P3s) and the whole-tree scale (P3w) had a significant, positive effect on fruit size. On a whole-tree basis, fruit size increased 36Á5 % from the highest fruiting density (P2) to the lowest fruiting density (P3w trees). Spurs of P2 trees produced on average 15 flowers; by contrast, spurs reduced to one reproductive bud produced three or four flowers. Fixing the anthesis date of bud extinction trees reduced the number of flowers to one or two per spur and improved fruit size by 13Á5 % (Fig. 6B, Table 3 ).
DISCUSSION
Biological age relevant to dormancy, anthesis and maturity can be estimated as time indices in a regression analysis of ovary growth. Additional known physiological indices (bud phenology) and developmental processes (e.g. cessation of pit growth, mesocarp cell expansion and fruit maturation) can also be identified according to inflections of the RGR. Accurate identification of these changes depends upon high sampling frequency and numerical analysis over comprehensive time and size scales. In the present study, sampling frequency was markedly higher than in comparative studies (see Introduction) and the use of a single function to fit log-transformed data provided a detailed analysis that spanned several orders of magnitude.
Previous measurements of pre-anthesis ovary growth were not considered in the context of full-season development as they were not subjected to log transformation or expressed in terms of RGR (Lilleland and Newsome, 1934; Tukey, 1933; Tukey and Young, 1939) . To generate a full-season description of sweet cherry ovary growth and development, pre-anthesis data were necessary to anchor the polynomial curve. Our data indicate insignificant differences in time indices through the end of pit growth for early-to late-season cultivars; instead, significant differences in ovary size and seasonal development were associated with the duration of the final exponential growth phase. Morphological changes are often associated with key biological processes, yet the subjective assessment of pre-anthesis reproductive bud phenology has not been well related to ovary growth. In sour cherry, no morphological development was observed from full acquisition of chilling to the loss of ecodormancy (Felker et al., 1983) . Pollen meiosis was deemed to occur too late (i.e. bud phenology stage 'side green') to indicate the end of eco-dormancy (Felker et al., 1983) . Both the size and the relative water content of sweet cherry reproductive buds were related to changes in ABA and completion of ecodormancy (Götz et al., 2014) but ovary size was not measured. Fad on et al. (2015) compared two scales of bud phenology to describe sweet cherry reproductive bud development. In their study, bud swelling was presented as a proxy for completion of eco-dormancy. In the present study, pre-anthesis growth of sweet cherry ovaries of all three cultivars was commensurate with reproductive bud expansion and accelerated rapidly once buds opened (Fig. 2) , corroborating previous qualitative observations (Tukey, 1933) . While phenotyping of reproductive bud development is important to provide inferences into the timing of key processes, the accumulation of biological age of ovaries from dormancy can be established by direct measurement of ovary size alone. Biological age, however, depends upon temperature; thus, developmental time courses will differ across multiple seasons and different locations (Fisher, 1962) . In the present study, genetic factors were largely responsible for differences among growth and development of these cultivars because of their close geographical proximity. Ultimately, growth of sweet cherry should be described according to developmental time in degree-day units as previously demonstrated in peach (DeJong and Goudriaan, 1989) . A difference of 15 d between anthesis and maturation of 'Sweetheart' fruits during two divergent seasons was accompanied by a change in the growth rate during endocarp lignification and the final phase of fruit expansion (Einhorn et al., 2011) . Temperature optima, minima and maxima and the shape of growth temperature curves have yet to be identified for pre-and post-anthesis sweet cherry ovary growth and development. Growth of an organ depends on both the size and the potential RGR during a given time interval (DeJong and Goudriaan, 1989) ; hence, pre-anthesis ovary growth can have a marked influence on post-anthesis growth potential. Guimond et al. (1998) observed asynchronous floral initiation over a period of 14 d in sweet cherry. Based on RGR principles, asynchrony would predispose developing floral meristems to wide variation in carpel size when entering dormancy. Given that a single reproductive bud of sweet cherry contains multiple flower primordia, we would expect intra-bud competition to augment this variation. We attribute the relatively high coefficients of variation (CV) for ovary size at dormancy and anthesis (Table 3) to these phenomena. Variation in ovary size at anthesis, a process which can span 7-14 d, would be expected to carry-over to variation in the size of fruits at maturity. Indeed, a positive relationship was observed between ovary size at anthesis and mature fruit size of sweet cherry (Patten et al., 1986) . Regulating anthesis timing to approx. 1 d (i.e. P3), however, did not reduce the CV of mature ovaries, but did positively affect mature fruit size of all cultivars, probably by eliminating flowers that were fertilized relatively late. Controlling anthesis The anthesis date of P3 ovaries was controlled by flower extinction to 6 1 d. The treatment P3w represents trees in which fruiting-density was manipulated by whole-tree floral bud extinction. At the end of pit hardening (>64 DFA) pit diameters and volumes were significantly greater (t-test, P < 0Á001) in whole-tree bud extinction fruit (w). Coefficient of variation (CV) shown for volume. For each cultivar comparisons were made between groups: P2 ovaries (grey) with unidentified anthesis dates; and P3 ovaries (black) whose anthesis date was controlled by flower extinction to 6 1 d. Groups followed by an s or w signify fruiting-density reduction by floral extinction at the spur or whole-tree scale, respectively. Logistic curves (average r 2 ¼ 84 %) are shown beginning at their inflection point. Relative growth rates (RGR) (dashed-lines) were derived from the logistic curves.
timing had the additional effect of reducing fruiting density; however, a significant size effect was still quantifiable under non-source-limited conditions (e.g. Sweetheart, P2w and P3w; Table 3 ).
Post-anthesis selection of successful fruits for analysis can be highly biased and difficult to estimate. In sweet cherry, fruit abscission occurred in successive waves of aborted pistils, unfertilized ovaries and shrivelling of fertilized ovaries (Bradbury, 1929) . We aimed to remove those individuals that were destined to abscise from the open-pollinated sample groups (P2 or P3) in order to estimate growth and development of successful fruits. This was accomplished by analysing the growth of unfertilized ovaries (P4) and applying discriminant analysis to classify individuals of P2 or P3 with individuals known to be unfertilized. Open pollination produced the best uniformity of fruit growth when compared to hand-pollinated flowers (Tukey, 1933) and was integral to procuring a representative sampling of the orchard in the P2 group. Sample size and frequency of ovary measurements were markedly higher than comparative studies in order to detail changes in growth rate (i.e. every day during the first 30 DFA) yet were accompanied by relatively high variance around mean fruit volume. Cessation of growth in unfertilized and defective ovaries was noticeable as a change in aspect ratio (Bradbury, 1929; Tukey, 1933) . Aspect ratio was indeed a significant variable in the discriminant analysis, enabling segregation of failed fruits as early as 5 DFA, but aspect ratio alone was not a sensitive predictor of failure until after 25 DFA (Fig. 3G-L) . Ideally, many fruits of unknown fertilization status would be continuously monitored during this critical growth phase but cherry ovaries are surrounded by hypanthium tissue until about 14 DFA, precluding non-destructive measurements between anthesis and 14 DFA. Nonetheless, removal of ovaries from the P2 and P3 groups that classified with P4 resulted in a marked shift in the slope of the curve describing ovary growth between 5 and 40 DFA (Fig. 4) and provided a more likely estimate of the growth of fertilized ovaries.
Developed from early studies, the double sigmoid concept of stone fruit growth proposed that the duration of the lag between exponential phases was positively correlated with seasonal duration of sweet cherry (Tukey, 1933; Lilleland and Newsome, 1934; McMunn, 1934) and sour cherry cultivars (Tukey, 1934 (Tukey, , 1952 McMunn, 1934; Tukey and Young, 1939) . A later functional approach to peach growth included the lag as part of the first exponential phase (Baker and Davis, 1951) whose intersection with a second exponential phase of 'final swell' would vary in time and in proportion to the seasonality of a cultivar (DeJong and Goudriaan, 1989) . Similar functions were summed by Génard and Bruchou (1993) to provide a continuous model of growth but RGR analysis was not applied to seasonality. We found the transition between the two phases could be detected by a smooth polynomial function where the RGR minimum occurred before final swell. Rather than a shift in timing of this index linked to seasonality when comparing early, mid-and late maturing cultivars, we observed an increased duration of final swell in late maturing sweet cherry cultivars.
Estimates of the duration of the first exponential phase may best be described by growth of the pit as shown in 'Sweetheart'. Carpel volumes before anthesis were not estimated but were obviously in step with the ovary; therefore, a Richards function was applied to pit growth to provide a smooth transition from pre-anthesis (Birch, 1999) . Retransformed values from the Richards function yielded pit volumes of 70 and 98 % of the asymptotic volume at 30 and 45 DFA, respectively. Thus, the lag phase can be described as the duration required for the final one-third of pit growth. In an attempt to identify pit characteristics that could discriminate failed from successful growth, we also measured endocarp wall thickness (data not shown). No discriminating variable other than pit volume was significant. Pit growth of successful ovaries, however, was slightly faster than mesocarp growth; pit volume, as a percentage of the total volume of ovaries, increased from 27 % at anthesis to 32 % at the time of the RGR inflection, 30 DFA. Pit growth was independent of seasonality, corroborating previous reports for sweet cherry (Lilleland and Newsome, 1934) and peach (Pavel and DeJong, 1993) . Selective examination of 'Chelan' and 'Bing' pit growth revealed no distinctions from 'Sweetheart' pit data (data not shown). A similar timing of the minimum RGRs at about 45 DFA was observed for 'Sweetheart' (Einhorn et al., 2011) in consecutive years despite a 2-week difference in seasonal duration. In the present study, and in other cases presented, pit (Lilleland and Newsome, 1934) or integument (Tukey, 1933 (Tukey, , 1934 growth was synchronous with slowing fruit growth regardless of the seasonality of the cultivar, which suggests endocarp growth is genetically more conserved than mesocarp growth.
The latter third of the second exponential phase of growth was described more effectively by a logistic function than a polynomial function as polynomials are not asymptotic. The final swell in peach was also well described by a logistic function (Baker and Davis, 1951; DeJong and Goudriaan, 1989; Génard and Bruchou, 1993) . The retransformed values of the upper asymptotes were very near to actual harvest volume means, and the lower asymptotes were good estimates of the volume at the time of minimum RGR. Notably, the difference between the estimated second RGR maximum of the two functions was not more than 2 d (Table 2) .
Thus, while high-order polynomials can produce erroneous shifts at the tails of curves, logistic curves fell well within the prediction limits of the polynomial during the last phase of growth (Fig. 6) . Source-limited growth of sweet cherry fruit (Flore and Layne, 1999; Kappel, 1991; Whiting and Lang, 2004) was evident during the final swell as similarly observed for late-season peach (Pavel and DeJong, 1993) . Additive effects of fruiting density and anthesis timing on mature fruit size were not observed when whole-tree fruiting density treatments were imposed on P3 and P2 groups; however, the effect of fruiting density on fruit size was clearly less at the spur level when contrasted with whole-tree crop reduction. While the effect of fruiting density was observed early in fruit development via pit data, a reduction in fruit size was not evident until the second growth phase.
CONCLUSIONS
Changing growth rates provide a biological time index for comparison of the genetic and environment effects upon fruit growth and development. Time indices of sweet cherry development were derived from inflection points of RGR curves, produced from a combination of different functions. The traditional definition of phase I growth beginning at anthesis should include the acceleration of ovary growth approx. 2 weeks before anthesis, coincident with bud scale separation. An estimation of the growth and development of successfully fertilized fruits was facilitated by elimination of unfertilized or defective ovaries via discriminant analysis. Termination of phase I was dependent on pit growth, but in the absence of pit data, could be estimated from the minimum RGR of the ovary volume. Cultivar differences in seasonality were attributed to the final phase of growth. Within cultivars, fruit size was affected by fruiting density and anthesis timing; however, neither of these factors reduced the variability around fruit size.
